The hantavirus membrane fusion process is mediated by the Gc envelope glycoprotein from within endosomes. However, little is known about the specific mechanism that triggers Gc fusion activation, and its pre-and post-fusion conformations. We established cell-free in vitro systems to characterize hantavirus fusion activation. Low pH was sufficient to trigger the interaction of virus-like particles with liposomes. This interaction was dependent on a pre-fusion glycoprotein arrangement. Further, low pH induced Gc multimerization changes leading to non-reversible Gc homotrimers. These trimers were resistant to detergent, heat and protease digestion, suggesting characteristics of a stable post-fusion structure. No acid-dependent oligomerization rearrangement was detected for the trypsin-sensitive Gn envelope glycoprotein. Finally, acidification induced fusion of glycoprotein-expressing effector cells with non-susceptible CHO cells. Together, the data provide novel information on the Gc fusion trigger and its non-reversible activation involving lipid interaction, multimerization changes and membrane fusion which ultimately allow hantavirus entry into cells.
Hantaviruses are members of the family Bunyaviridae which bear tetrameric spike complexes consisting most likely of four Gn and four Gc envelope glycoproteins (Battisti et al., 2011; Hepojoki et al., 2010; Huiskonen et al., 2010) . How these glycoproteins mediate the entry of hantaviruses into cells is still largely unknown. After binding of glycoproteins to receptors, hantaviruses are taken up by endocytosis (Jin et al., 2002; Ramanathan & Jonsson, 2008) . They enter into cells by fusion of the viral membrane with the endosomal membrane (reviewed by Cifuentes-Muñoz et al., 2014) . This process is mediated by the Gc protein which seems to share similarity with class II fusion proteins (Tischler et al., 2005) . Hantavirus fusion activity has been demonstrated by syncytia formation upon low pH treatment of Vero E6 cells expressing the viral Gn and Gc glycoproteins and viral receptors. In this cellular context, a pH of 5.9 was found to activate fusion of Andes virus (ANDV), whilst a pH of 6.3 was reported for Hantaan virus (Cifuentes-Muñoz et al., 2011; Ogino et al., 2004) , most probably influencing the site of endosomal escape. A role for endosomal pH in ANDV cell entry has been confirmed by the use of the weak base ammonium chloride, which inhibits ANDV entry by raising the pH of endosomes (Barriga et al., 2013) . For the bunyavirus Rift Valley fever virus, it has been shown that low pH is enough to trigger Gc multimerization changes which seem to be mediated by protonation of specific histidines (de Boer et al., 2012) . However, acidification is not the only activator of fusion proteins; some require priming by receptor interaction, proteolytic cleavage, specific membrane compositions or a combination of such and other triggers (reviewed by White et al., 2008) . The hantavirus glycoproteins are primed by proteolytical processing, most likely whilst being translated as glycoprotein precursor (GPC) (Löber et al., 2001) . During the entry process, a role of cellular factors in glycoprotein priming by thiolisothiomerases has been previously suggested (Strandin et al., 2011) . Once activated, viral fusion proteins expose an amphipathic fusion peptide that drives their insertion into the target membrane (Epand, 2003; Harter et al., 1989) . In addition, the fusion process can involve a rearrangement of the oligomerization state of fusion IP: 54.70.40.11
On: Sun, 30 Dec 2018 14:48:13 proteins (reviewed by Baquero et al., 2013; Harrison, 2015; Kielian, 2014) .
So far, no information is available about the hantavirus fusion trigger and glycoprotein oligomerizations during the fusion process. To gain novel insights into the fusion entry mechanism of hantaviruses, we assessed whether acidification triggers fusion of hantaviruses in in vitro systems in the absence of cellular factors, and characterized the multimeric Gn and Gc rearrangements during the fusion process.
Towards this goal, fusion activation was assayed in terms of the binding of viral particles to membranes. Therefore, a liposome-based coflotation assay using large unilaminar vesicles (LUVs) was established through a sucrose step-gradient centrifugation. To reach the differential localization of LUVs and virus, the gradient was adjusted to 5, 15 and 25 % (w/v) as previously established for other enveloped viruses of similar size and density (Fritz et al., 2008) . Purified virus-like particles (VLPs) were used instead of infectious ANDV, which auto-assemble when the virus glycoproteins are being expressed (Acuña et al., 2014) . These VLPs contain a lipid envelope, expose grid-like glycoprotein protrusions and have a buoyant density of ,1.15 g ml 21 coinciding with that of hantaviruses (McCormick et al., 1982; Schmaljohn et al., 1983; White et al., 1982) . LUVs (200 nm) were prepared from phosphatidylcholine, phosphatidylethanolamine, sphingomyelin and cholesterol (1 : 1 : 1 : 1.5) as described previously for fusion peptide insertion (Tischler et al., 2005) . For the detection of LUVs, the fluorescent probe 1,6-diphenyl-1,3,5hexatriene (DPH) was incorporated. DPH (200 mM)labelled LUVs were mixed with VLPs before or after their incubation for 30 min at the indicated pH. Next, the VLP/LUV mixture was added to the bottom of a step gradient and centrifuged for 2 h at 303 258 g. LUVs were detected by the fluorescence emission of DPH (excitation 230 nm; emission 320 nm) and VLPs by slot blot using anti-Gc mAb 5D11/G7 (Cifuentes-Muñoz et al., 2011) . When the VLP/liposome mixture was treated at neutral pH, the viral Gc protein was found exclusively in the bottom fractions of the gradient (Fig. 1a , fractions 1-3), whilst the liposomes were located only at the top (Fig. 1a , fractions 16-18). In contrast, after pH adjustment to 5.5, Gc was detected together with the liposomes in the uppermost fractions ( Fig. 1b , upper slot blot), indicating VLP coflotation with liposomes. If, however, the liposomes were added after the low-pH incubation of VLPs, the VLPs stayed in the bottom fraction of the gradient (Fig. 1b , lower slot blot). Together, these results indicate acid-dependent interaction of VLPs with liposomes which further required that the viral glycoproteins were not pre-exposed to low pH. To confirm that direct contact may occur between VLPs and liposomes upon acidification, VLPs were mixed with multilaminar vesicles (MLVs), incubated at different pHs and analysed by negative-stain electron microscopy. The co-incubation of VLPs and liposomes at pH 5.5 allowed the observation of VLPs attached to membranes, whilst this was not the case at neutral pH ( Fig. 1c, d ).
From these results it can be concluded that low pH is sufficient to trigger the interaction of ANDV glycoproteins with membranes in the absence of additional cellular factors.
In order to test if acidification induces not only target membrane insertion, but also a rearrangement of the viral glycoproteins, their multimerization states were assessed at different pHs by sucrose gradient centrifugation, as reported previously (Fritz et al., 2008) . To this end, ANDV strain CHI-7913 (Galeno et al., 2002) was mixed with liposomes and incubated at 37 8C at the indicated pHs to allow multimerization changes. Subsequently, the glycoproteins were extracted from the lipid envelope by Triton X-100 0.5 % (v/v) and were added to the top of a gradient consisting of 7-15 % (w/v) sucrose. After 16 h of centrifugation at 148 596 g, fractions were collected, and the presence of Gn and Gc was analysed by Western blot using mAbs to anti-Gc and anti-Gn 6B9/F5 (Cifuentes-Muñoz et al., 2010) . Gradient sedimentation of glycoproteins at neutral pH led to the detection of Gc in fractions 4-7, including a maximum in fraction 6, coinciding with the expected molecular mass for Gc monomers of ,50 kDa ( Fig. 2a, pH 7.4 ). In the reducing electrophoretic separation, two Gc migration bands were detected, which correspond probably to oxidized and reduced forms of Gc described previously . When the ANDV/liposome mixture was treated at low pH, a new Gc population could be observed at ,150 kDa (fractions 10-11). From the molecular mass, it seems likely that this acid-induced Gc population corresponds to Gc trimers ( Fig. 2a , pH 5.5 LUVs). No increase of the amount of Gc trimers was observed when ANDV was incubated at pH ,5.5 (data not shown). In the higher-molecular-mass fractions, only the lower molecular migration band of Gc was observed, suggesting that Gc disulfide bridges were not accessible to reduction. The low-pH-induced Gc population was also observed when ANDV was acidified in the absence of liposomes ( Fig. 2a, pH 5 .5). The fact that Gc trimerization can occur in the absence of lipids, in line with previous studies, demonstrates that conformational changes occurring during fusion do not require fusion peptide insertion into a target membrane (Gibbons & Kielian, 2002) .
We next analysed whether the VLP system for ANDV would undergo the same acid-triggered glycoprotein rearrangement as the virus. VLPs treated at neutral pH led to the detection of Gc monomers of ,50 kDa ( Fig.  2b, pH 7) . At the bottom of the gradient, some Gc aggregates were detected, which disappeared when VLPs were incubated with 1 % (w/v) SDS prior to their application to the gradient (Fig. 2b, pH 7 SDS) . When VLPs were incubated at pH 5.5, a new population of Gc oligomers with a molecular mass of ,150 kDa (fractions 8-10) was detected, corresponding most likely to Gc trimers in accordance with the results obtained for ANDV.
The ratio of Gc trimers to monomers was always higher when Gc was derived from VLPs than from ANDV ( Fig.  2a, b , condition pH 5.5). This difference may be related to the higher purity of the VLP preparation compared with that of the virus.
The molecular mass of the low-pH-induced Gc trimers was further corroborated by an alternative strategy, involving the cross-linking of glycoproteins by 2 % (v/v) formaldehyde. When VLPs at neutral pH were cross-linked, a single band migrating at ,50 kDa was observed for Gc, matching the mass of monomeric Gc from the untreated control (Fig. 2c, lanes 1 and 3) . In comparison, when VLPs were acidified and subsequently cross-linked, a new band with a molecular mass of ,150 kDa was detected (Fig. 2c, lane 2) , coinciding with the results for the molecular mass of acid-induced Gc oligomers observed by sucrose gradient centrifugation using ANDV and VLPs (Fig. 2a, b) . Taking into account the molecular mass of ,70 kDa for Gn, the molecular mass of the low-pH-induced Gc oligomers determined by both experimental approaches suggests that an arrangement of Gc into homotrimers would match best with this size.
To discard the participation of Gn in this low-pH-induced Gc trimer arrangement and to gain insights into the multimerization of Gn during viral cell entry, the molecular states of Gn were analysed. Most Gn was found in oligomeric assemblies at the bottom of the gradient, independent of the applied pHs (Fig. 2d ). This result coincides well with previous results for the Tula hantavirus Gn at neutral pH that demonstrate homo-oligomerization of Gn . However, based on the resolution of the sucrose gradient, changes in the arrangements of higher oligomeric Gn associations cannot be excluded. These results were obtained with glycoproteins extracted either from VLPs (Fig. 2d ) or ANDV (data not shown) and allow for the conclusion that Gn does not participate in a heteromeric interaction with the low-pH-induced Gc oligomers. Therefore, the data strongly suggest that the acid-triggered Gc oligomers of ,150 kDa, which were detected by sucrose sedimentation and cross-linking, correspond to Gc homotrimers.
In general, viral fusion proteins are assembled into multimeric associations in a metastable pre-fusion conformation and homotrimerize upon fusion activation (reviewed by Harrison, 2015) . The final post-fusion conformation of all the viral fusion proteins that have been characterized so far corresponds to a trimer of hairpins (Kielian & Rey, 2006) , which in the case of class I and class II fusion proteins form highly stable non-reversible structures (Gibbons & Kielian, 2002; Gibbons et al., 2000; Kielian et al., 2010; Skehel & Wiley, 1998) . In this context, the reversibility of Gc trimerization was assayed. The sucrose sedimentation of acidified VLPs or acidified and back-neutralized VLPs showed that the pH after the acidification did not influence the amount of Gc homotrimers (data not shown). This observation coincides with the coflotation results showing that glycoproteins must be present in their pre-fusion conformation to allow their membrane interaction (Fig. 1b) . Together, these data indicate that the low-pH-induced Gc fusion activation was not reversible. To further examine if the acid-induced Gc homotrimers shared features with a highly stable post-fusion arrangement, their resistance to temperature, detergent and proteolytic cleavage was examined. For the thermostability analysis, VLPs were treated at pH 5.5 and subsequently incubated at different temperatures. Sucrose gradient centrifugation revealed the stability of Gc homotrimers up to 50 8C. However, heating acidified VLPs to 70 8C led to the aggregation of Gc (Fig. 3a) . Next, the resistance to ionic detergent treatment was assayed by incubation of low-pH-treated ANDV with SDS. In the presence of SDS, the population of Gc homotrimers was readily detected by sucrose sedimentation, indicating that the homotrimers were also resistant to detergent (Fig. 3b ). To further test if the trimerization of Gc may hide protease cleavage sites, VLPs treated at different pHs were incubated with trypsin. The neutral pH form of Gc was trypsin-sensitive, leading to a decrease in Gc within 15 min and almost complete digestion within 60 min (Fig. 3c) . In contrast, the low pH conformation of Gc remained mostly resistant to trypsin during the same time frame (Fig. 3c ). When the same Western blot membrane was further immunostained with anti-Gn mAb, a decreasing amount of Gn could be visualized under both pH conditions after 1 min of incubation and after 15 min Gn was no longer detectable (Fig. 3d) .
The induction of a stable Gc homotrimer by low pH not only shows that acidification triggers fusion, but further suggests that complete fusion occurred. To corroborate this, a novel cell-cell fusion assay with non-susceptible CHO cells (Choi et al., 2008; Gavrilovskaya et al., 1998) based on Calcein AM (Molecular Probes) dequenching was adapted from Crowe et al. (1995) and Kendall & Mac-Donald (1982) . The results show that 293FT cells that express ANDV GPC fuse with CHO cells, but not with non-transfected 293FT cells or 293FT cells that express the fusion-inactive mutant GPC (GcW115A) (Fig. S1 , available in the online Supplementary Material).
Taken as a whole, the results presented here demonstrate that acidification triggers the fusion of hantaviruses and that Gc follows a non-reversible fusion process upon low pH exposure, leading to a stable post-fusion homotrimer.
To the best of our knowledge, this work is the first report on a stable fusion protein homotrimer in the family Bunyaviridae and adds new information about the cooperative function of hantavirus glycoproteins during viral cell entry. How the tetrameric spikes on hantaviruses rearrange during the fusion process to allow the assembly of Gc homotrimers has to be determined in future studies.
